In order to meet the requirement for high energy density, development of battery materials with large capacity has been urgently desired[@b1]. Alloying anode materials, such as Si, Sn, Sb, Bi and their compounds, can supply Li-storage capacity significantly beyond that of commercial graphite. Thus, they have been extensively explored as alternative materials for rechargeable Li batteries[@b2]. Among these materials, Bi-based materials have attracted considerable attention owing to their high pack density and volumetric capacity. For instance, Bi is able to afford a volumetric capacity of 3760 mAh cm^−3^, which is 4.5-fold that of graphite anode[@b3][@b4]. Besides metallic Bi, bismuth compounds such as sulfide (Bi~2~S~3~) and oxide (Bi~2~O~3~) could be promising electrode materials towards Li storage. Specifically, considerable effort has been devoted to the development of advanced Bi~2~S~3~ electrodes in recent. By tuning the structure, surface, and compositing, researchers could develop high-performance Bi~2~S~3~ materials[@b5][@b6][@b7]. However, few works have been focused on the oxide counterpart Bi~2~O~3~, although the oxide possesses a higher theoretical capacity[@b8].

Similar to Bi~2~S~3~, bismuth oxides (Bi~2~O~3~) are layered semiconductor (band gap = 2.8 eV). This structure can be described as a succession of alternating layers of bismuth atoms parallel to the (100) plane of the cell, and oxide ions in the c-axis direction[@b9]. Resulting from direct band gap structure and remarkable photoluminescence properties, Bi~2~O~3~ could be promising for various applications, including gas sensors, solid oxide fuel cells, and photocatalyst for water splitting and pollutant decomposing[@b10][@b11][@b12][@b13]. Particularly, the intriguing layered structure enables it to be an interesting host for energy storage such as hydrogen and lithium.

Li-storage behaviour of Bi~2~O~3~ was firstly evaluated by Temperoni *et al*. more than 30 years ago. A high capacity of 660 mAh g^−1^ was achieved in the LiAsF~6~-THF electrolyte, suggesting that the reaction involved both the conversion and alloying process ([Eq. 1](#m1){ref-type="disp-formula"})[@b14].Thus, the theoretical capacity for Bi~2~O~3~ reaches 690 mAh g^−1^ and 6280 mAh cm^−3^, much greater than that of commercial graphite (372 mAh g^−1^ and 820 mAh cm^−3^). However, the reversibility of Bi~2~O~3~ electrode is a major issue. Recently, Luo *et al*. revisited Bi~2~O~3~ anode by directly growing Bi~2~O~3~ nanoparticles on nickel foam[@b8]. The resulting Bi~2~O~3~/Ni exhibited impressive Li-storage reversibility, retaining 782 mAh g^−1^ over 40 cycles at 100 mA g^−1^, and affording 668 mAh g^−1^ at a higher rate of 800 mA g^−1^. Nevertheless, neither long-term cycling stability nor high-rate capability is sufficient for practical application. Adoption of heavy Ni foam substrate also causes substantial loss of the battery energy. It is imperative to further enhance rate and cycle capability of the material while maintaining higher energy density.

Battery materials usually have to be operated for hundreds and even thousands of cycles. To fulfil such a stringent requirement, the electrode materials need to be well engineered. Various strategies such as engineering hierarchical structures[@b15][@b16], surface wiring[@b17][@b18], and phase and composition modification[@b19][@b20] have been reported to efficiently tune the material property. Among the available strategies, constructing heterogeneous materials has received significant attention due to synergetic effect[@b21][@b22]. The heterostructure would take profit of the components and their interaction, thus outperforming any single component[@b23][@b24]. Particularly, heterostructures composed of both sulphide and oxide is very promising in energy related fields, due to improved performance and ease of fabrication[@b25][@b26][@b27]. Although heterogeneous bismuth materials have shown excellent optical property[@b13][@b28], their Li-storage have not been explored. In this work, we demonstrate that superior lithium storage could be realized by engineering a Bi~2~O~3~-Bi~2~S~3~ heterostructure (denoted as BO-BS). The BO-BS can be facilely fabricated through sulfurization of Bi~2~O~3~ with the assistance of thioacetamide (TAA). The hierarchical BO-BS heterostructure exhibits unique structural features such as high surface areas, rich porosity, and intrinsic flexibility, which can be utilized for excellent Li storage.

Results
=======

Synthesis of the Bi~2~O~3~-Bi~2~S~3~ heterostructure is schematically illustrated in [Figure S1](#s1){ref-type="supplementary-material"}. Firstly, the Bi~2~O~3~ phase was formed immediately when Bi(NO~3~)~3~ species were irradiated by sonication. The Bi~2~O~3~ phase exhibited sheet structure, due to the directing effect of CTAB surfactant. Then, the Bi~2~O~3~ phase would combine H~2~S molecules, which were gradually released through hydrolysis of TAA, and then partial Bi~2~O~3~ species would be transformed into Bi~2~S~3~. By controlling the sulfurization time, a heterostructure consisting of Bi~2~O~3~ and Bi~2~S~3~ with certain ratio would be achieved.

Morphologies of the prepared Bi~2~O~3~ and BO-BS heterostructure revealed by scanning electron microscopy (SEM) and transmission electron microscopy (TEM) are illustrated in [Figure 1](#f1){ref-type="fig"}. [Figure 1a and b](#f1){ref-type="fig"} show that the Bi~2~O~3~ displays a microsphere structure composed of ultrathin nanosheets with thickness of several nanometers. Due to nature of laminar structure, the Bi~2~O~3~ tends to be sheet-shape, even for products without using surfactants ([Figure S2](#s1){ref-type="supplementary-material"}). Nonetheless, the CTAB-directed nanosheets are thinner and smoother in nature. After sulfurization, the sphere-like structure is largely reserved, but the nanosheets become thicker and coarsened ([Figure 1c, d](#f1){ref-type="fig"}). A TEM image reveals that the sheets actually consist of two parts, wrinkled sheets supported on smooth sheet substrates ([Figure 1e](#f1){ref-type="fig"}). This structure was further characterized by high-resolution TEM imaging, as shown in [Figure 1f](#f1){ref-type="fig"}. The smooth sheet substrate shows clear lattice fringes with interplanar distance of 0.32 nm, which corresponds to (111) facet of cubic Bi~2~O~3~. The corrugated sheets exhibit a lattice fringe of 0.79 nm, correlating with (110) facet of orthorhombic Bi~2~S~3~. Thus, the final sample is a heterostructure comprised of Bi~2~O~3~ and Bi~2~S~3~. The coarsening and corrugation of Bi~2~S~3~ sheets may results from the lattice mismatch between cubic and orthorhombic phases.

The phase of the heterostructure was identified by XRD, as shown in [Figure 2a](#f2){ref-type="fig"}. The as-prepared sample shows poorly crystalline characteristic. Although diffraction peaks due to cubic Bi~2~O~3~ can be clearly confirmed (PDF \#52-1007), peaks due to orthorhombic Bi~2~S~3~ phase are barely visible, suggesting the latter phase is still in an amorphous or nanocrystalline state. Generally, cubic Bi~2~O~3~ (δ-Bi~2~O~3~) is the high temperature stable form and often obtained at a temperature above 700°C. In this case, however, the cubic phase can be successfully obtained even at room temperature using ultrasonication. After annealing at 200°C for 1 hour, well crystallized Bi~2~S~3~ phase emerges (PDF \#17-0320), agreeing with our previous work[@b5]. Composition and microstructure of the product were characterized by Energy dispersive X-ray spectroscopy (EDX) and Fourier transform infrared spectroscopy (FTIR). EDX shown in [Figure 2b](#f2){ref-type="fig"} reveals that the heterostructure contains Bi, O, and S elements, and the molar ratio between O and S elements is \~1.1:1. Certainly, the ratio can be readily tuned by varying the synthesis time, e.g. 9:1 for 1 hour and 4:1 for 2 hours. In the FTIR spectra presented in [Figure 2c](#f2){ref-type="fig"}, the bands at 461, 528, and 619 cm^−1^ can be assigned to Bi--O or Bi--S. The band at 1382 cm^−1^ is assigned to C--OH stretching vibrations, while the bands in the range of 1124--1020 cm^−1^ may be due to C--O vibrations[@b7]. Existence of these bands suggests that some TAA and CTAB molecules are absorbed onto the BO-BS product. [Figure 2d](#f2){ref-type="fig"} presents the N~2~ adsorption isotherms of the BO-BS, revealing a high surface area of 21.2 m^3^ g^−1^ and enriched mesoporous characteristic of 0.122 cm^3^ g^−1^.

Such a porous heterostructure can be employed as an efficient electrode for Li storage. [Figure 3a](#f3){ref-type="fig"} shows the galvanostatic charge and discharge curves of BO-BS during initial cycles. At a rate of 60 mA g^−1^, the initial discharge and charge capacities of BO-BS are 1257 and 1052 mAh g^−1^, respectively. The Coulombic efficiency of 83.7% surpasses those for bismuth based electrodes (60--70%, [Figure S3](#s1){ref-type="supplementary-material"})[@b5][@b6][@b7][@b8] and is even comparable to that for carbonaceous insertion anodes[@b29]. Such a high efficiency may be closely related to strong interaction between bismuth oxide and sulfide in the heterostructure. As shown in [Figure 3a](#f3){ref-type="fig"}, the initial discharge plateau at \~1.7 V reflecting conversion process is almost lost. As the conversion reaction is usually poorly reversible, thus elimination of this plateau would lead to enhanced reversibility and Coulombic efficiency. Note that the high efficiency is critical for the current battery configuration, because Li source is usually supplied by low-capacity cathodes. The Coulombic efficiency further increases to 95% during the following cycles, while the capacity stabilizes at \~1072 mAh g^−1^. Such a capacity exceeds the theoretical value of the BO-BS heterostructure (658 mAh g^−1^)[@b8], which could be explained by taking the large surface area and rich porosity into consideration[@b28].

Li-storage property of the heterostructure was electrochemically probed by cyclic voltammetry (CV), and the results are presented in [Figure 3b](#f3){ref-type="fig"}. Interestingly, Li uptake and release in the BO-BS show a stepwise reaction characteristic. In the cathodic process, two prominent peaks are located at 1.53 and 0.51 V, respectively. The peak at 1.53 V represents the reduction of Bi~2~O~3~ and Bi~2~S~3~ by Li (conversion process), while the other may be ascribed to Bi alloying Li to generate Li~3~Bi. Reversely, the dealloying of Li~3~Bi occurs at 0.93 V, while the recovery of Bi~2~O~3~ and Bi~2~S~3~ at 1.87 and 2.34 V in the anodic process[@b15]. In the following cycle, the CV curves slightly evolve, featuring the splitting of the alloying peak at 0.51 V and disappearance of anodic peak at 2.01 V. This evolution reflects possible structural transformation and irreversible lithium loss, which may be associated with deactivation of conversion product and side reactions as well[@b7].

Benefiting from the unique heterostructure design, the BO-BS exhibits impressive cycling stability, as shown in [Figure 3c and d](#f3){ref-type="fig"}. The BO-BS retains 423 mAh g^−1^ after 100 continuous cycles at a rate of 300 mA g^−1^, drastically outperforming Bi~2~O~3~ and Bi~2~S~3~ (fabricated according to previous work[@b5]) components ([Figure 3c](#f3){ref-type="fig"}) and numerous bismuth based electrodes[@b6][@b30][@b31][@b32]. For instance, Bi~2~S~3~/C meshes only maintained 362 mAh g^−1^ over 40 cycles under the same test condition[@b6]. [Figure 3d](#f3){ref-type="fig"} indicates that the heterostructure sustains a better cyclability at a higher rate, affording a capacity of 433 mAh g^−1^ (66% of the available 658 mAh g^−1^) over 100 cycles at 600 mA g^−1^. The improved stability at higher rate may be due to suppressed side reactions at low potential, which are time-dependent. At high rates, the electrodes experience short duration at low potential and thus the capacity fading can be reduced. To understand the durable cycling behaviour, the electrochemical impedance spectroscopy (EIS) of the heterostructure electrode at different cycling stage was conducted. The spectra indicate that negligible variation occurs after 100 cycling ([Figure S4](#s1){ref-type="supplementary-material"}), suggesting that the electrochemical Li storage in the heterostructure is reversible and sustainable.

In addition, the unique BO-BS exhibits remarkably high rate capability, as presented in [Figure 4a](#f4){ref-type="fig"}. At rates of 300, 600, 1200 and 3000 mA g^−1^, the BO-BS affords capacities of 823, 710, 582, and 419 mAh g^−1^ (taking the 2^nd^ cycle value at each rate), respectively. At a high rate of 6 A g^−1^, it is still capable of delivering 295 mAh g^−1^. Importantly, with the decrease of current rates, the capacity of the heterostructure increases accordingly, and a high value of 734 mAh g^−1^ is restored at 120 mA g^−1^. The high rate behaviour can be further explored by the CV measurement. [Figure 4b](#f4){ref-type="fig"} indicates that the heterostructure can sustain rapid potential sweep. Even at a fast sweep rate of 10.0 mV s^−1^, the BO-BS still retains the basic CV profile, suggesting that the electrochemical Li storage has barely been restricted by the transport of electrons and Li ions. These results indicate that our engineered BO-BS outperforms most reported Bi~2~O~3~ and Bi~2~S~3~ materials[@b4][@b5][@b6][@b7][@b8][@b30][@b31][@b32][@b33], and is comparable to some well-designed sulfides such as Sb~2~S~3~\@graphene[@b34] and SnS\@CNT[@b35], suggesting the great potentiality of such heterostructures.

Discussion
==========

Such an outstanding Li-storage property may arise from the unique heterogeneous architecture. Both Bi~2~O~3~ and Bi~2~S~3~ sheets show a thickness of about several nanometers, which greatly reduces the electron and ion transport length and charge transfer resistance. Also, corrugated sheets provide large accessible surface area for fast charge transfer and Li ion transport, which lowers the actual areal current flow and polarization. In addition, more conductive Bi~2~S~3~ sheets can serve as efficient electron transport pathway, which decreases the internal resistance of Bi~2~O~3~ electrodes and enables fast charge flow to meet high-rate charge and discharge. Furthermore, the unique heterogeneous architecture also effectively prevents the aggregation of nanosheets and consequently, retaining highly accessible area for Li uptake/release upon cycling.

To further elucidate the electrochemical process, the heterostructure electrode was held at different stage of the initial cycle: (i) discharge to 1 V, (ii) fully discharge to 0 V, and (iii) recharge to 3 V after full discharge. The cells were dismantled in a glove box, washed with dimethyl carbonate, and then subject to XRD and SEM tests. [Figure S5](#s1){ref-type="supplementary-material"} shows the XRD results for the electrode at different stages. The fresh electrode shows crystalline Bi~2~O~3~ and Bi~2~S~3~ phases, which disappear when the electrodes are discharged and/or recharged, suggesting that the material becomes amorphous after Li uptake and/or release. When the fully discharged electrode was exposed to air, diffraction peaks due to crystalline Li~2~SO~4~ emerge, which is due to the reaction between Li~2~S and oxygen. This indicates that Li uptake really occurs for the electrochemical Li storage process. [Figure S6](#s1){ref-type="supplementary-material"} shows SEM images of the fresh and discharged BO-BS electrodes. The fresh electrode ([Figure S6a](#s1){ref-type="supplementary-material"}) is smooth, while large elongated particles and voids are observed after the electrode was discharging to 0 V ([Figure S6b](#s1){ref-type="supplementary-material"}). This is consistent with the fact that a large amount of Li is adsorbed from the reaction mechanism.

In conclusion, a unique heterostructure consisting of Bi~2~O~3~ and Bi~2~S~3~ nanosheets was readily fabricated via hydrolysis of Bi(NO~3~)~3~·5H~2~O followed by sulfurization. The resulting BO-BS heterostructure features large surface area, enriched mesopores and intrinsic flexibility, which endow the material with superior Li storage capability. The heterostructures exhibit a high Coulombic efficiency (83.7%), stable capacity delivery (433 mAh g^−1^ over 100 cycles at 600 mA g^−1^) and remarkable rate capability (295 mAh g^−1^ at 6 A g^−1^), notably outperforming reported bismuth based materials. This work suggests that constructing heterostructure could be a promising strategy towards high-performance electrodes for rechargeable batteries.

Methods
=======

Sample preparation
------------------

The Bi~2~O~3~-Bi~2~S~3~ heterostructure was prepared using a facile sonochemical method[@b5]. In a typical operation, 0.35 mmol cetyltrimethyl ammonium bromide (CTAB, Sinopharm Chemicals) and 1.0 mmol thioacetamide (TAA, Sinopharm Chemicals) was dissolved in 40 ml water by sonication for 15 min. Then to this solution a 0.5 mmol Bi(NO~3~)~3~·5H~2~O (in 5 ml of 0.4 M HNO~3~) was added dropwise. After further agitation for 3 hours, the resulting precipitation was collected by centrifugation, washed repeatedly with water and ethanol, and dried at 60°C overnight. As a comparison, free Bi~2~O~3~ sample was also prepared via the similar process without using TAA.

Characterization
----------------

Structure of as-prepared products was identified by X-ray diffraction (XRD, Rigaku Dmax-2400 automatic diffractometer). Morphology was observed by scanning electron microscopy (SEM, Hitachi S-4800) equipped with energy dispersive X-ray spectroscopy (EDX, Oxford) and transmission electron microscopy (TEM, FEI Tecnai G2 T20). The materials were further characterized by Fourier transform infrared spectroscopy (FTIR, Bruker Tensor 27), thermogravimetry and differential thermal analysis (TG-DTA, Seko TG/DTA-7300), and nitrogen adsorption and desorption (Micromeritics Tristar 3020).

Electrochemical Li storage evaluation
-------------------------------------

Li storage performance of the heterostructure was electrochemically evaluated on coin-type 2032 cells. Prior to testing, the heterostructure material was heated at 200°C for 1 hour under Ar atmosphere. The working electrodes are composed of 70% active material, 20% Super-P-Li conductive carbon, and 10% polyvinylidene fluoride binder. The mass loading of active materials is about 1.5 mg cm^−2^. The counter and reference electrode are Li metal foil, the electrolyte is 1 M LiPF~6~ solution in ethylene carbonate and dimethyl carbonate (1:1 by volume), and the separator is glass microfiber (Whatman). Cells were assembled in an Ar-filled glove box (MBraun) with both water and oxygen concentration below 1 ppm. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were measured on a Zennium electrochemical workstation (Zahner). Galvanostatic tests were performed on a LAND battery test system (Jinnuo) at room temperature.
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![SEM and TEM images of Bi~2~O~3~ and Bi~2~O~3~-Bi~2~S~3~ heterostructure.\
(a) SEM and (b) TEM images of Bi~2~O~3~. (c, d) SEM and (e, f) TEM images of Bi~2~O~3~-Bi~2~S~3~ heterostructure.](srep09307-f1){#f1}

![(a) XRD patterns and (b) EDX of BO-BS heterostructure. Al and Si signals are due to the sample holder. (c) FTIR of BO-BS and Bi~2~O~3~. (d) N~2~ adsorption and desorption isotherms and pore size distribution (inset) of BO-BS heterostructure.](srep09307-f2){#f2}

![(a) Charge and discharge profiles and (b) cyclic voltammogram curves of BO-BS heterostructure upon initial cycles. (c) Cycling comparison of BO-BS heterostructure, Bi~2~S~3~, and Bi~2~O~3~ at 300 mA g^−1^. (d) Cycling performance of BO-BS heterostructure at 600 mA g^−1^.](srep09307-f3){#f3}

![(a) Cycling performance of BO-BS heterostructure at various current rates. (b) Cyclic voltammograms of BO-BS heterostructure at various sweep rates.](srep09307-f4){#f4}
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